Clinical markers of cardiac autonomic function, such as heart rate and response to exercise, are important predictors of cardiovascular risk. Tetrahydrobiopterin (BH4) is a required cofactor for enzymes with roles in cardiac autonomic function, including tyrosine hydroxylase and nitric oxide synthase. Synthesis of BH4 is regulated by GTP cyclohydrolase I (GTPCH), encoded by GCH1. Recent clinical studies report associations between GCH1 variants and increased heart rate, but the mechanistic importance of GCH1 and BH4 in autonomic function remains unclear. We investigate the effect of BH4 deficiency on the autonomic regulation of heart rate in the hph-1 mouse model of BH4 deficiency.
Introduction
The autonomic nervous system plays a pivotal role in haemodynamic regulation in health and in disease states. 1, 2 Measures of autonomic function such as heart rate during rest and exercise are important quantitative predictors of cardiovascular risk and prognosis. 3 -6 Regular physical exercise is associated with improved autonomic balance and is an important protective factor in long-term cardiovascular health. 7, 8 BH4 is critical for synthesis of biogenic amines, as a required cofactor for tyrosine hydroxylase that catalyse required steps in the production of catecholamines. 9 -11 Alterations in tyrosine hydroxylase activity in humans lead to differences in urinary catecholamine secretion and haemodynamic stress responses. 11 BH4 is also an essential cofactor for nitric oxide synthase (NOS) enzymes. 12, 13 These enzyme systems play important roles in the autonomic nervous system. 14 -20 BH4-dependent enzymes appear to have pivotal functional roles in cardiovascular autonomic control, suggesting that regulation of BH4 through GTPCH may be a common upstream mediator of autonomic function.
Genetic polymorphisms of genes involved in autonomic signalling have been associated with altered autonomic control in humans and in experimental models. 21 In particular, genetic variants in GCH1, encoding GTP-cyclohydrolase 1 (GCH1), the rate limiting step in biosynthesis of the enzymatic cofactor tetrahydrobiopterin (BH4), have recently been associated with alterations in markers of autonomic activity and cardiovascular risk. 22, 23 Patients with DOPA-responsive dystonia (DRD) due to mutations affecting GCH1 expression or function were found to be normotensive but had a higher resting heart rate. Plasma catecholamines were reduced at baseline and the catecholamine response to 608 head-up tilt was blunted. 23 Furthermore, individuals carrying a common polymorphism in the 3 ′ untranslated region (UTR) of the GCH1 gene (C + 243T variant) were also found to have impaired autonomic control of cardiac function, leading to an increased minimum heart rate and altered barorecptor responsiveness. These GCH1 variants appear to be functionally associated with altered GCH1 expression, 22, 24 the key determinant of BH4 levels, 25 raising the possibility that constitutive variation in BH4 biosynthesis may be important in modulating cardiovascular autonomic regulation. However, the mechanistic importance of GCH1 and BH4 in cardiovascular autonomic regulation remains unknown. We sought to investigate the mechanistic role of altered GCH1 expression in cardiovascular autonomic function, using the hph-1 mouse, a genetic mouse strain with reduced GCH1 expression, 25, 26 as a model of the observed genetic variants in human GCH1. We used radiotelemetric analysis of haemodynamic changes during rest, activity and physical exercise-training, combined with in vitro assessment of vagal and sympathetic cardiac regulation, in order to establish the impact of altered GCH1 expression and BH4 levels on cardiac autonomic regulation.
Methods
An expanded Materials and Methods section is available in the Supplementary material online.
Animals
The generation of the hph-1 mouse model of BH4 deficiency has been previously described. 27 Animals were back crossed onto C57bl/6 and heterozygous breeding was used to generate matched hph-1 homozygous and wild-type (WT) littermates. Animals were genotyped as previously described 26 (see Supplementary material online). Studies were performed in accordance with both the UK Home Office Animals (Scientific Procedures) Act 1986 and the guidelines for the care and use of experimental animals of the US National Institutes of Health. The study was approved by the Local University Ethical Approval Panel. Animals were 10-16 weeks at the time of sacrifice and were euthanized by cervical dislocation unless otherwise indicated below.
Western blot analysis
Western blot analysis of homogenized hph-1 and WT heart tissue was used to compare levels of eNOS, nNOS, GTPCH, b1 adrenoceptor, GRK2, b-arrestin, and tyrosine hydroxylase protein levels. GAPDH used to ensure equal protein loading (see Supplementary material online).
Measurement of eNOS, nNOS, and GCH1 expression by RT -PCR
RNA was isolated by homgenizing tissue samples in Trizol (Invitrogen) and then purifying RNA with the RNeasy micro column method (Qiagen). RNA was quantified by nano-drop and gene expression was measured by synthesizing cDNA using the QuantiTect Reverse Transcription Kit (Invitrogen, UK) and real-time RT -PCR using taqman probes (Applied Biosystems, USA). Gene expression levels of eNOS, nNOS, and GCH1 were normalized to the housekeeping gene GAPDH (see Supplementary material online).
Measurement of biopterins by HPLC
BH4, BH2 (7,8-dihydrobiopterin) and B (biopterin) from homogenized hph-1 and WT tissues were separated by reverse-phase high pressure liquid chromotography (HPLC) and quantified using electrochemical detection (for BH4) and fluorescence detection (for BH2 and B). 28 
Measurement of GTPCH enzymatic activity
GTPCH activity was measured in heart extracts as described previously. 29 In brief following homogenization in Lysis buffer, lysates were incubated in the dark for 1 h with 10 mMol GTP. Samples then underwent iodine oxidation and deproteination. The reaction was stopped with 0.1 M ascorbic acid and alkaline phosphatase. Neopterin quantification was performed by HPLC analysis (see Supplementary material online).
2.6 Measurement of heart rate and blood pressure by tail-cuff plethysmography
Baseline blood pressure and heart rate were measured using the Visitech R tail-cuff plethysmography system 30 (see Supplementary material online).
Telemetry implantation operation
PAC10 radiotelemeters (DSI, Transoma Medical Inc.) were implanted in 10 -16-week-old mice under carefully titrated isofluorane anaesthesia (3 -4% for induction, 1.5 -2% for maintenance) adjusted to ensure abolition of established murine pain reflexes, including the pedal withdrawal reflex. Mice were kept on a warming blanket and eye protection provided with Viscotears. The surgical field was sterilized with chlorhexidine and the procedure performed under an extraction hood in full sterile conditions. Buprenorphine 0.02 mg was administered to provide post-operative analgesia. Telemeter catheters were implanted in the left carotid artery with the body of the telemeter placed in a subcutaneous pocket equidistant from the fore and hind paw. 31, 32 The wound was then closed with 4.0 vicryl. Post-operatively, mice were held in a recovery chamber at 378 until mobile and subsequently moved to a recovery cabinet at 288 for a further 4 h. Animals were kept under close observation for the duration of the experiment both by the experimental team and the veterinary officer. Additional buprenorphine and subcutaneous 0.9% normal saline were given where necessary although recovery was usually rapid. All mice underwent 14 days post-operative recovery before commencement of voluntary running. Pressure traces were checked and subjects with damping of the haemodynamic profile were excluded from the analysis. On completion of the experiment, animals were euthanized by terminal anaesthesia with an overdose of isofluorane.
Haemodynamic measurements during exercise training by radiotelemetry
PAC10 radiotelemeters (DSI Inc.) were implanted via the left carotid artery and used to continuously measure arterial pressure waveforms and cage activity. After a period of post-operative recovery, a freely rotating running track was introduced to facilitate voluntary wheel running over a period of 5 weeks exercise training. 33 Daily data were analysed on a beat-to-beat basis according to three activity states; wheel running, cage activity, and rest. Changes in heart rate recovery at the end of exercise bouts were also assessed. A rolling average was obtained for each subject for the period of exercise training (see Supplementary material online).
BH4 and autonomic regulation of heart rate 2.9 In vitro measurement of heart rate response to vagal nerve stimulation, stellate stimulation, carbamylcholine, isoproterenol, and forskolin
Isolated preparations of atria with intact mediastinal structures including the right vagus nerve and stellate gangion were mounted in organ baths. Heart rate was transduced during direct electrical stimulation of the vagus nerve or stellate ganglion by an external electrode, and during direct organ bath application of carbamylcholine, isoproterenol, or forskolin in separate experiments (see Supplementary material online).
Cyclic nucleotide measurements
cAMP and cGMP were measured by enzyme immunoassay from snap frozen homogenized isolated atria at baseline and following organ bathapplied isoproterenol (see Supplementary material online).
2.11
In vivo effect of chronic administration of propranolol on heart rate and blood pressure
Heart rate and blood pressure were measured by tail-cuff plethysmography as described above before, during, and after administration of 0.5 mg/ mL propranolol to the drinking water for 5 days (see Supplementary material online).
Measurement of urinary and tissue catecholamines
Dopamine, epinephrine, and norepinephrine levels were measured by HPLC from urine obtained by direct percutaneous bladder aspiration and normalized for urinary creatinine. Dopamine and norepinephrine levels were measured by HPLC from homogenized adrenal and whole heart (see Supplementary material online).
Statistics
Data are presented as mean + SEM. Groups were compared using the Mann-Whitney U-test for non-parametric data or the Student's t-test for parametric data. When comparing multiple groups, data were analysed by analysis of variance (ANOVA). A value of P , 0.05 was considered statistically significant.
Results

Expression of GCH1 and NOS mRNA and protein, GTPCH activity and effects on biopterin concentrations
We first quantified the changes in GCH1 expression in the hph-1 mouse, using qRT -PCR, and determined the effects of altered GCH1 expression on GTPCH protein levels, GTPCH enzymatic activity, and tissue BH4 levels. Using matched hph-1 and WT littermates derived from hph-1 heterozygote matings, we observed that GCH1 mRNA was reduced by 90% in heart tissue from hph-1 mice compared with WT littermates ( Figure 1A ). The GTPCH protein was significantly reduced in hph-1 compared with WT, whereas eNOS and nNOS mRNA and protein were not different ( Figure 1E ). In keeping with the observed reduction in GCH1 expression and GTPCH protein, GTPCH enzymatic activity was reduced by 90% in hph-1 heart tissue compared with WT littermates ( Figure 1C ; n ¼ 5, P , 0.001), leading to a 60% reduction in steady-state BH4 levels ( Figure 1F ). These data confirm that the hph-1 mouse has reduced GCH1 expression, leading to reduced cardiac BH4 levels.
Effects of BH4 deficiency on haemodynamic regulation in the hph-1 mouse
We next determined the effects of BH4 deficiency in the hph-1 mouse on systolic blood pressure and heart rate. Using tail-cuff plethysmography, there was no difference in systolic blood pressure, but a significant tachycardia in hph-1 animals compared with WT littermates ( Figure 2 ). Continuous radiotelemetry confirmed that resting heart rates were higher in hph-1 mice compared with WT (P , 0.01), whereas systolic and diastolic blood pressures were not different between hph-1 and WT animals. In order to investigate the haemodynamic effects of physical exercise training, mediated by the autonomic nervous system, we undertook continuous telemetric heart rate and blood pressure monitoring in hph-1 and WT mice, during a 40-day period of spontaneous exercise training, using a computerized exercise wheel system. Each individual beat of haemodynamic data (i.e. heart rate and blood pressure) was analysed according to the activity state of the animal-either at rest (no movement, no wheel activity), during cage activity (movement but no wheel activity), or during wheel running.
Wheel-running activity did not differ between genotypes. In both groups, there was an increase in daily time spent wheel running, daily running distance, and in running speeds with voluntary exercise training, as previously described. 33 Throughout the 40-day period of exercise training, resting heart rates progressively decreased in both hph-1 and WT mice ( Figure 2C ). Heart rate during cage activity did not change significantly throughout the training period, although heart rate during wheel-running increased to a maximum in the first week in both groups, reflecting increased maximum heart rates. There were no genotype-specific differences in heart rate during these activity states. Exercise training had no effect on blood pressure (either diastolic, mean, or systolic) in either genotype ( Figure 2D ). As a further measure of cardiac autonomic regulation, we next evaluated the rate of change of heart rate (heart rate recovery) at the end of individual episodes of wheel exercise, in both WT and hph-1 mice (Figure 3) . Mice exercised almost exclusively during the night time period (2000-0800 h), in short bouts of wheel running. Heart rate recovery in individual animals was determined by analysis of an average of 11 exercise bouts each night (range 2-37) in both WT and hph-1 mice, corresponding to a total of 2875 bouts of exercise analysed in 14 mice over 35 days of exercise training. Bouts of wheel exercise were followed by a decrease in heart rate over 12 s ( Figure 3A) . Exercise training significantly increased the rate of heart rate recovery, as measured by the maximum rate of change of heart rate, in both WT and hph-1 mice ( Figure 3B ). The rate of heart rate recovery increased to a maximum by day 20 of exercise training and remained stable thereafter, but there were no differences between hph-1 and WT mice in the rate of heart rate recovery.
Effects of BH4 deficiency on atrial responsiveness to vagal and muscarinic stimulation
To investigate in more detail the autonomic mechanisms underlying the resting tachycardia in hph-1 mice, we measured cardiac vagal nerve function in hph-1 and WT mice in vitro. Following isolation of cardiac atria with intact right vagal nerves, the rate of intrinsic spontaneous atrial contraction was equal in both hph-1 and WT animals ( Figure 4A ). Heart rate responses to vagal activation via direct electrode stimulation (10 V, 1 ms pulse interval, 3-5 Hz) were similar in hph-1 and WT, as were responses to cumulative doses of the stable acetylcholine analogue, carbamyl choline, applied directly to the organ chamber ( Figure 4B and C ) . In atria isolated from animals after exercise training, heart rate responses to vagal nerve stimulation were significantly enhanced, confirming the effect of exercise training on cardiac vagal function. However, there remained no difference between hph-1 and WT animals, suggesting that in both untrained and trained animals, cardiac vagal function is not significantly altered by reduction in GCH1 expression and BH4 levels.
Effects of BH4 deficiency on sympathetic function in the hph-1 mouse
In order to test the possible role of the sympathetic nervous system in the resting tachycardia observed in hph-1 mice, we next treated hph-1 and WT littermates with propranolol (0.5 mg/mL) administered in the drinking water for 5 days. Propranolol treatment reduced heart rate in both hph-1 and WT mice ( Figure 5A) , without any significant effect on systolic blood pressure. However, the reduction in heart rate induced by propranolol in hph-1 mice was significantly greater than that in WT mice, such that in the presence of b-blockade the difference in resting heart rate between WT and hph-1 mice was totally abolished. Following a 5-day wash out period with propranolol removed from drinking water, the differences in heart rate between hph-1 and WT mice observed at baseline were restored ( Figure 5A ). There was a significant reduction in absolute urinary dopamine or urinary dopamine Figure 1 Reduced expression, activity, and transcription of GCH1 in hph-1 mice leading to reduced BH4 without changes in eNOS or nNOS. GCH1, eNOS, and nNOS mRNA levels from heart homogenates were quantified by real-time RT -PCR correcting for GAPDH hph-1 and WT littermate five animals per group. (A) GCH1 mRNA levels demonstrated a significant reduction in hph-1 mice compared with WT (n ¼ 5, *P , 0.001). (B) No difference was observed in nNOS (n ¼ 5) or (D) eNOS (n ¼ 5) mRNA levels. (C) GTPCH activity, measured by HPLC, was significantly reduced in hph-1 compared with WT mice (n ¼ 5, *P , 0.001). (E) Protein levels were determined in heart and cerebellum homogenates by immunoblotting with antibodies for mouse GTPCH, eNOS, nNOS, and GAPDH (n ¼ 3 animals per group). GTPCH protein levels were reduced in heart homogenates of hph-1 mice compared with the WT. No difference was observed in heart eNOS or cerebellar nNOS with GAPDH used to ensure equal protein loading. (F) BH4 levels were measured by reverse-phase HPLC. There was a significant reduction in BH4 levels in hph-1 compared with WT littermates (n ¼ 5, *P , 0.001). (A) Heart rate and systolic blood pressure were measured in hph-1 and WT littermates by tail-cuff plethysmography (Visitech R ). There was a significant tachycardia (n ¼ 19, *P , 0.05) in hph-1 animals but no difference in systolic blood pressure (B). (C ) Heart rates of hph-1 and WT littermates were obtained by telemetry during a period of voluntary wheel running. hph-1 mice were significantly tachycardic compared with WT littermates during rest (n ¼ 6-9, *P , 0.01) but not when active or during wheel exercise. Both hph-1 and WT littermates showed a significant fall in heart rate at rest (P , 0.05 for WT and hph-1 days 1 -5 vs. days 18 -32) and during activity (WT P , 0.05, hph-1 P , 0.01 days 1 -5 vs. days 18 -32) and a rise in the heart rate during wheel running (P , 0.01 for WT days 1 -3 vs. days 18 -32, P ¼ 0.16 for hph-1 NS). Symbols are means + SEM. (D) Blood pressure (systolic, mean, and diastolic) in the same animals showed a rise in blood pressure with activity and wheel exercise, but no significant difference between hph-1 and WT littermates.
BH4 and autonomic regulation of heart rate normalized for urinary creatinine (hph-1: 794.6 × 10 26 + 81.7 vs.
WT: 1316.2 × 10 26 + 271, n ¼ 6-13 per group, one-tailed t-test: P , 0.05). Urinary epinephrine and norepinephrine levels were not significantly different but showed marked inter-subject variability in both groups (see Supplementary material online). The reduction in urinary dopamine was also reflected by a reduction in adrenal dopamine (P , 0.05, n ¼ 8-16 per group). No differences were demonstrated in adrenal norepinephrine or in cardiac dopamine or norepinephrine (n ¼ 8-16 per group).
To further investigate the role of the sympathetic nervous system in the resting tachycardia observed in hph-1 mice, we compared the heart rate responses of isolated atrial preparations in vitro to stellate ganglion stimulation and to the direct application of isoproterenol ( Figures 5C  and 6A) . The heart rate responses to stellate ganglion stimulation Figure 4 No difference in intrinsic rate or vagal responsiveness before or after exercise training in hph-1 mice. An in vitro preparation of cardiac atria with vagal nerve and stellate ganglion intact was mounted in physiological carbogen-bubbled mouse Ringer's at 36.58C. n ¼ 7 -15 hph-1 and WT littermates both exercise trained and exercise naive were studied. (A) There was no difference in the intrinsic rate of atria from hph-1 and WT littermates despite a fall in rate in exercised subjects regardless of genotype (*P , 0.01). (B) Direct vagal nerve stimulation in vitro at 3 and 5 Hz led to a reduction in heart rate with increased responsiveness in exercised animals regardless of genotype (*P , 0.05). There was no difference in vagal responsiveness between hph-1 and WT littermates. (C) The heart rate response to dose increments of bathapplied carbamylcholine (3 × 10 -8 M, 10 -7 M, 3 × 10 -7 M) was independent of genotype and exercise status. Figure 3 Normal heart rate recovery following voluntary exercise bouts in telemetered hph-1 mice. (A) Typical heart rate recording in a WT mouse at the end of a bout of voluntary exercise. Changes in exercise state were associated with an extremely rapid change in heart rate that is complete within 20 s. Wheel rotations are shown as blocks of individual wheel rotation spikes that are not individually resolved on the time scale shown. (B) Effects of exercise training on heart rate recovery. There was no difference in heart rate responsiveness between the WT and hph-1 mouse (n ¼ 7). Exercise training was associated with increased heart rate recovery at the end of exercise measured using the peak rate of change in heart rate (peak rate of change in heart rate in WT mice: days 1 -7: 6.2 + 0.5, days 21 -35: 8.5 + 0.6, P ¼ 0.001; in hph-1 mice: days 1 -7: 6.0 + 0.4, days 21 -35: 8.5 + 0.4, P , 0.0001). The effects of exercise training on heart rate recovery were not different in WT and hph-1 mice.
D. Adlam et al.
(10 V, 1 ms pulse interval, 3 -5 Hz) were significantly increased in atria from hph-1 mice compared with WT littermates. Heart rate responses to cumulative doses of the selective b-agonist isoproterenol were enhanced throughout a range of doses in hph-1 compared with WT, such that the EC50 of the dose-response curve in hph-1 mice was significantly reduced (hph-1 vs. WT: 8.71 + 0.9 × 10 28 vs. 19.7 + 0.8 ×
10
28 mol/L, P , 0.05), indicating enhanced b-adrenergic responsiveness. Conversely, there were no genotype differences in atrial rate response to cumulative doses of forskolin ( Figure 6C ). The b1-adrenoceptor protein was significantly elevated in the hearts of hph-1 mice compared with WT animals ( Figure 5D , P , 0.05). There were no differences in GRK2, b-arrestin, and tyrosine hydroxylase (data not shown). Secondary signalling by cAMP but not cGMP in response to the b-receptor agonist isoproterenol was significantly elevated in hph-1 mice ( Figure 6B and D, P , 0.05).
Discussion
In this study, we have demonstrated an important role for GCH1 in cardiovascular autonomic function in vivo. Using the hph-1 genetic mouse model of reduced GCH1 expression, we report, first, that reduced BH4 levels result in a resting tachycardia before and after exercise-training, despite normal blood pressure, normal heart rates during exercise, and a normal exercise performance profile. Secondly, we find that the resting tachycardia in BH 4 -deficient mice is normalized following b-blockade, augmented by sympathetic activation and not due to differences in the intrinsic rate of isolated, spontaneously beating atria. There is an increase in b1-adrenoceptor protein leading to increased cAMP release in response to receptor stimulation, but no difference in the response to direct adenylate cyclase activation with forskolin. Finally, we show that BH4 deficiency does not alter parasympathetic regulation of heart rate, as evidenced by the effects of chronic exercise training on heart rate, heart rate recovery after exercise, and the bradycardic response to vagal stimulation. These findings have been enabled by the use of radiotelemetry in mice to measure real-time changes in blood pressure and heart rate during voluntary wheel running. Using this approach, combined with in vitro measurement of autonomic sensitivity, has allowed us to phenotype and quantify important new aspects of the autonomic response to both acute and chronic exercise in a mouse model that Figure 5 Increased levels of b1-adrenoceptor in hph-1 mice leading to enhanced sympathetic responsiveness reversible by b-blockade. (A) The effect of propranolol administration to the drinking water (0.5 mg/mL) on haemodynamics in vivo was measured by tail-cuff plethysmography. hph-1 was significantly tachycardic at baseline (n ¼ 6 -14, *P , 0.05). This difference was completely abolished by administration of 0.5 mg/mL propranolol in the drinking water but returned when animals returned to normal drinking water. (B) Effect of propranolol administration on blood pressure in the same cohort. There were no significant blood pressure differences between genotypes. (C ) An in vitro preparation of cardiac atria with stellate ganglion was mounted in physiological carbogen-bubbled mouse Ringer's at 36.58C. In vitro direct stellate ganglion stimulation led to an increase in atrial rate. Heart rate responsiveness was significantly increased in hph-1 mice compared with WT littermates (n ¼ 6-8, *P , 0.01). (D) b1-adrenoceptor protein levels were determined from whole-heart homogenates by western blotting (au-arbitrary units). There was a significant increase in b1-AR in hph-1 hearts compared with WT littermates (n ¼ 4, *P , 0.05).
BH4 and autonomic regulation of heart rate mirrors the moderate reduction in GCH1 expression and BH4 levels previously reported in humans with genetic variations in GCH1.
The haemodynamic profile of the BH4-deficient hph-1 mouse are similar to those described in humans with the BH4 deficiency, including patients with DRD and subjects with a 3 ′ UTR polymorphism (C243T) in GCH1. 22, 23 In addition to confirming the higher resting heart rate in association with reduced BH4 levels found in humans, we have now provided mechanistic evidence that implicates atrial myocardial sensitivity to sympathetic, but not parasympathetic signalling, and shown that this phenotype is normalized by b-blockade. In humans with DRD, there is a significant reduction in circulating catecholamines and a blunting of catecholamine release in response to tilt testing. 22 Patients with the C243T polymorphism also showed a trend towards reduced urinary cathecholamines but with a high degree of variability. 23 The hph-1 mouse is known to have reduced CNS catecholamine synthesis. 34 In this study, the normalizing effect of propranolol and the augmented heart rate response to organ bath application of the b-agonist isoproterenol in hph-1 mice suggest that the major autonomic role for BH 4 is in modulating b-adrenergic sensitivity. This increased sympathetic sensitivity appears to be due to an increase in b1-receptors leading to increased cAMP release in response to receptor activation but with downstream adenylate cyclase responsiveness unaffected. In humans with the C243T polymorphism, there is also a trend towards a reduction in urinary catecholamines but with a high degree of variability. In parallel, we have demonstrated a reduction in urinary and adrenal dopamine in the hph-1 mouse. This finding may suggest that the increase in b1-receptor activity may represent an adaptive response to chronic reductions in catecholamines in both human and mice with BH4 deficiency, an effect which has been previously described. 35 This adaptive explanation may not, however, explain the apparent overcompensation of cardiac sympathetic sensitivity resulting in the tachycardia demonstrated. Furthermore, the differences reported in dopamine levels were not reflected in other catecholamines measured and there were no differences in catecholamines isolated from cardiac tissue. This may reflect the wellrecognized technical challenge of interpreting catecholamines from samples taken immediately after sacrifice which show considerable variability which could mask an experimental difference and may not truly reflect either baseline sympathetic tone or cardiac sympathetic neuronal activity. 36 An alternative explanation relates to BH4 deficiency affecting NOS-dependent signalling pathways. However, while NO signalling has been shown to couple to the b-receptor, this had the opposite effect on sympathetic-mediated tachycardia to that observed here. 37 We also detect no differences in the expression of NOS enzymes in our model and no differences in the cGMP response to isoproterenol. It may require a model with a more severe form of BH4 deficiency to investigate this further. The hph-1 mouse has been reported to have elevated blood pressure by tail-cuff. 38 In our study, repeated measurements using different measurement techniques show no significant difference in blood pressure. This is in keeping with the findings in man. 22, 23 Our findings, taken together with those of Zhang et al. 22 and
Mayahi et al. 23 demonstrate that deficiency of the critical catecholamine synthetic cofactor BH4 in vivo causes a resting tachycardia in both humans and mice, due to increased cardiac sympathetic sensitivity but not due to an impairment of parasympathetic function. These new insights have important clinical implications. Autonomic regulation of heart rate has fundamental roles in cardiovascular health, in the response to acute and chronic exercise training, and in the pathophysiological response to cardiovascular disease states, such as heart failure, myocardial infarction, arrhythmia, and hypertension. 6, 39 Thus, alterations of BH4 availability may be an important aspect of disease pathophysiology that may be amenable to pharmacologic intervention. Increased BH4 levels have been shown to restore NO-dependent functions in human diseased states. 40 -44 Increased BH4 levels might also be expected to reduce cardiac sympathetic sensitivity. However, further studies are required to determine the specific tissues and cells in which GCH1 and BH4 exert their regulatory effects on cardiac autonomic function in human cardiovascular disease, and to test the utility of pharmacologic strategies to modulate BH4 levels in vivo.
Supplementary material
Supplementary material is available at Cardiovascular Research online. 
